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An 17O NMR measurement was performed on nonoriented polycrystalline Na0.35CoO2 ·yH2O
with superconducting (SC) transition temperature Tc = 4.6 K. A weak temperature dependence
was observed in the Knight shift at the O site (17K). The spin part of 17K (17Kspin) is estimated
from the plot of 17K against bulk susceptibility χ. The 17Kspin decreases in the SC state,
indicative of the decrease in the in-plane component of the spin susceptibility. The nuclear
spin-lattice relaxation rate 1/T1 at the O site
17(1/T1) shows a good scaling with 1/T1 at the
Co site 59(1/T1). This indicates that the spin fluctuations at the O site originate from the Co
spin dynamics. The relationships between 17(1/T1T ) and
17Kspin and between
17(1/T1T ) and
59(1/T1T ) show the development of incommensurate fluctuations at q ∼ 0 other than q = 0
below 30 K. A clear indication of ferromagnetic correlations at q = 0 was not observed from
the present 17O-NMR studies.
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The recently discovered hydrate cobaltate supercon-
ductor NaxCoO2 · yH2O has attracted much attention,
1
because its two-dimensional CoO2 layers where super-
conductivity occurs form a triangular structure, in con-
trast to the tetragonal structure in cuprate superconduc-
tors. An interplay between superconductivity and geo-
metrical frustrations is invoked due to the crystal struc-
ture. Various experiments as well as the spin-lattice re-
laxation rate 1/T1 in the superconducting (SC) state
revealed that this superconductivity is of an unconven-
tional type,2–4 where electron correlations play an impor-
tant role in superconductivity. So far, we have shown the
relationship between magnetic fluctuations and SC tran-
sition temperature Tc from the Co nuclear-quadrupole-
resonance (NQR) measurements on various samples with
different values of Tc:
5, 6 Tc increases with increasing spin
fluctuations at Tc, and the highest Tc in the system is ob-
served in the vicinity of the magnetic phase.6 In addition,
it has been shown that the spin fluctuations correlate
with NQR frequency νQ, which is related to the distor-
tion of the CoO6 octahedron along the c-axis.
6 There-
fore, we suggest from an experimental point of view that
the crystal-field splitting between the a1g and eg′ states
of Co-3d t2g orbitals is an important parameter for de-
termining superconductivity.6 Quite recently, a scenario
based on experimental results has been proposed from
a theoretical point of view.7 To verify this scenario, it
is quite important to identify the properties of the mag-
netic fluctuations in the normal state and the symmetry
of the SC pairs. Spin-triplet superconductivity induced
by ferromagnetic fluctuations is expected in several the-
oretical models.7–9
To date, there have been several reports about the
59Co Knight shift (59K) in the SC state.10–12 Although
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a decrease in 59K was observed in the SC state, quan-
titative discussion was not carried out due to an ambi-
guity in the spin part of 59K.10, 11 This ambiguity origi-
nates mainly from the large electric field gradient (EFG)
with a temperature dependence and the large orbital part
of 59K. Therefore, we change the NMR nucleus to 17O,
since 17O has a small EFG frequency (νQ) and a small
orbital shift in general.
In this letter, we report on the spin part of the Knight
shift at the O site (17Kspin) estimated from a plot of
17K
against χ, and the behavior of 17Kspin in the SC state. A
decrease in 17K is observed in the field up to 8 T, which
is consistent with the results in 59K.10, 11 In addition, we
found the development of AFM fluctuations below 30 K
from the measurement of 1/T1 at the O site. Plausible
spin-fluctuation character is discussed on the basis of our
NMR experiments.
The sample we used in the measurement shows super-
conductivity at Tc ∼ 4.6 K, which was determined by a
dc susceptibility measurement. The resonance frequency
of the ±5/2↔ ±7/2 transition of Co NQR is 12.45 MHz,
slightly larger than that of the highest-Tc sample (12.40
MHz).6 According to the phase diagram we developed,6
this sample is situated near the border between supercon-
ductivity and magnetism. Strong magnetic fluctuations
with critical character are expected in this sample. The
detailed sample preparation and the 17O exchange pro-
cedures will be reported elsewhere.13 16O nuclei in the
CoO2 layers are partially replaced by
17O isotopes with
the nuclear spin I = 5/2, but O of the H2O are not.
This is because the exchange annealing was carried out
in anhydrate Na0.7CoO2, and then water was added to
the compound. An 17O NMR measurement was carried
out using the nonoriented powder sample because mix-
ing some material to fix the powdered sample orientation
might degrade sample quality.
1
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Fig. 1. NMR spectra obtained for the powder sample at the fre-
quencies of (a) 24.7 and (b) 47.8 MHz. The dashed lines are cal-
culated powder patterns. The powder-pattern spectra are well
fitted by the calculation with νQ = 0.168 MHz and η = 0.21 (see
in text). (c) The central peak of the NMR spectrum recorded in
the frequency of 68.9 MHz at various temperatures.
Figures 1 (a) and 1 (b) show NMR spectra taken at the
frequencies of 24.7 and 47.8 MHz. The spectra show the
typical powder-pattern structure with a non-zero asym-
metric parameter η = (νxx − νyy)/νzz (ναα : EFG along
the α direction). In general, when nuclei with a nuclear
quadrupole moment are in a magnetic field, the total in-
teraction is a sum of the Zeeman and electric-quadrupole
(eqQ) interactions and is written as14
H = HZeeman +HeqQ
= (1 +K)γn~I ·H +
~νQ
6
{
(3I2z − I
2) +
1
2
η(I2+ + I
2
−)
}
.
Here, K and γn are the Knight shift and nuclear gyro-
magnetic ratio, respectively. When the Zeeman interac-
tion is dominant, HeqQ is treated as a perturbation. The
eigenvalue of the total Hamiltonian depends on the angle
between the applied field and the principal axis of EFG.
In a nonoriented powder sample, the principal axis of
the EFG is randomly distributed in all directions with
respect to the external field. The powder-pattern spec-
trum observed for the nonoriented sample is reproduced
using fitting parameters of center field H0, νQ, η and K.
Here, νQ and η are evaluated to be 0.168 MHz and 0.21,
respectively, both of which are independent of applied
field. We note that the η at the O site is close to that at
the Co site (0.208 ± 0.007).3, 6
The powder-pattern spectrum of the 17O-NMR be-
comes broader with increasing field, resulting in a struc-
tureless spectrum as seen in Fig. 1 (b). This is due to the
large susceptibility at low temperatures.15 Although the
17O-NMR spectrum becomes broader in higher magnetic
fields, the Knight-shift measurement in high fields is ef-
fective for detecting the temperature dependence up to
higher temperatures because the difference between the
resonance field and the reference one becomes larger with
increasing applied field. Fig. 1 (c) shows the central peak
in the NMR spectrum recorded at various temperatures
at the frequency of 68.9 MHz.
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Fig. 2. Temperature dependences of 17O Knight shift 17K (left
axis) measured in magnetic field of 13 T and dc susceptibility
in one of 7 T (right axis). χ was corrected for a diamagnetic
effect from the core electrons of -7.4 ×10−5 emu/mol. The in-
set shows a plot of 17K against χ. From the linear relationship
between 17K and χ, the hyperfine coupling constant and the
temperature-independent 17K0 are estimated to be 0.59 T/µB
and 0.021±0.006%, respectively.
The temperature dependence of the Knight shift of 17O
(17K) was measured in a magnetic field of 13 T, and is
shown in Fig. 2. Although the typical experimental error
is approximately 0.02% due to the broad NMR peak, the
Knight shift shows a temperature dependence beyond
the error bars as shown in Fig. 2. The 17K gradually
increases with decreasing temperature, which is scaled
with χ measured in a magnetic field of 7 T. The inset
of Fig. 2 shows the plot of 17K against χ with tempera-
ture as an implicit parameter. A good linear relationship
was observed between χ and K, showing that the weak
temperature dependence of bulk susceptibility is an in-
trinsic effect. From the linear relationship, the hyperfine
coupling constant 17Ahf and temperature-independent
Knight shift 17K0 are evaluated to be 0.59 T/µB and
0.021±0.006%, respectively. Such a weak temperature
dependence of 17K would be difficult to detect in small
magnetic fields. 17K0 is ascribed to the orbital shift and
the shift as being due to the eqQ interaction. The spin
part of 17K (17Kspin) is estimated by subtracting
17K0
from the total observed Knight shift. It is shown that the
orbital susceptibility χorb is negligibly small and that the
spin susceptibility χspin is dominant in the total suscep-
tibility. Using the estimated χspin and the Sommerfeld
term (γel = 15 mJ/mol K
2) obtained in the specific-heat
measurement reported previously,4 the Wilson ratio RW
is estimated to be ∼ 2.6. The Wilson ratio greater than
two suggests the enhancement of the spin susceptibil-
ity compared with that estimated from the specific-heat
measurement.
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Fig. 3. Temperature dependence of (a) the relative shift of the
magnetic field δH with respect to the resonance field at T = Tc,
(b) 17Kspin in various fields around Tc. (c) Quantitative analyses
of Knight shift below Tc using the two-dimensional line-node
model (see in text).
Next, we discuss the variation of 17Kspin in the SC
state. The resonance field of the central peak is shifted
abruptly below Tc. Figure 3(a) shows the relative shift
of the central peak δH below Tc with respect to the
resonance field at Tc. In general, δH in the SC state
is ascribed to the SC diamagnetic effect ∆Hdia, and
the decrease in spin susceptibility is given by ∆Hspin =
∆Kspin×H0, where H0 is the applied field. These two ef-
fects exhibit different field dependences. ∆Hdia becomes
smaller, whereas ∆Hspin becomes larger with increasing
H0. The increase in |δH | when the field increases from
4 to 8 T suggests that the effect of ∆Hspin is dominant
in this field range. Taking 17Kspin ∼ 0.06% into consid-
eration, we discuss quantitatively the temperature vari-
ation of 17Kspin in the SC state. Figure 3(b) shows the
temperature variation of 17Kspin. Since
17Kspin is deter-
mined from the central peak of the powder-pattern spec-
tra, 17Kspin corresponds to the isotropic term of
17K,
(17Kiso = (
17Ka +
17 Kb +
17 Kc)/3). According to the
Hc2 versus T phase diagram,
16 superconductivity is al-
most destroyed when H = 2 T is applied along the c
axis. Thus, we consider that 17Kc is unchanged, and that
17Ka and
17Kb decrease in the SC state. The decrease in
17Kspin shows that the in-plane component of the spin
susceptibility decreases in the SC state. This suggests
that the superconductivity is in a spin-singlet state (d-
wave in this case), or in a spin-triplet state with the SC
d-vector in the CoO2 plane, since the spin susceptibil-
ity along the SC d-vector decreases when magnetic fields
are applied parallel to the d-vector. The possibility of the
spin-triplet state with the d-vector along the c-axis is ex-
cluded since the spin susceptibility should be unchanged
in the fields perpendicular to the d-vector. The experi-
mentally observed decrease in 17Kiso is reproduced by the
two-dimensional line-node (∆(φ) = cos(2φ)) model with
the singlet pairing, which incorporates the residual den-
sity of states DOS (Nres) originating from the imperfec-
tion and/or inhomogeneity of the compound.17 The fit-
ting parameters are 2∆/kBTc = 3.5 and Nres/N0 = 0.32
(N0: DOS at the Fermi level), which were determined
to reproduce the temperature dependence of 1/T1 in the
SC state.2 It should be noted that the onset tempera-
ture of the decrease in 17K is unchanged with respect to
the applied field, which is in good agreement with the dc
susceptibility measurement.15 It is likely that the insen-
sitivity of Tc with respect to the strength of applied fields
is related to the two-dimensional character of this super-
conductivity. From the theoretical point of view, the pos-
sibility of the spin-triplet state with the d-vector in the
CoO2 plane is proposed.
7, 9 It is quite important to mea-
sure 17Kc in the SC state using an aligned-powder sample
in order to identify the SC-pairing symmetry thoroughly.
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Fig. 4. 1/T1T of 59Co and 17O. 59(1/T1T ) is measured by a Co-
NQR and 17(1/T1T ) in 4 and 13 T. The inset shows the plot of
59(1/T1T ) against 17(1/T1T ).
The spin-lattice relaxation rate 1/T1 of
17O was mea-
sured at the central peak in the powder-pattern spec-
trum. The recovery of the nuclear magnetization after
saturation pulses can be fitted by the expected theoret-
ical curve over the entire temperature and field range.
1/T1 was measured in various fields, but did not show any
appreciable field dependence. Figure 4 shows the temper-
ature dependence of 1/T1T of
17O (17(1/T1T )) measured
in magnetic field of 4 and 13 T, along with 1/T1T of
59Co
measured by Co NQR. It was found that both results of
1/T1T show the same temperature dependence. A simi-
lar result was recently reported by Ning and Imai.18 We
plot 59(1/T1T ) against
17(1/T1T ) in the inset of Fig. 4.
A good linear relationship is observed between the two
quantities, indicating that 17(1/T1T ) arises from the spin
dynamics at the Co site. The intercept of 59(1/T1T ) in
the inset gives the relaxation rate induced by the orbital
effect of the Co-3d state, which is 1.8 ± 2.3 s−1 K−1. It
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was found that the orbital contribution in 59(1/T1T ) is
negligibly smaller than the spin contribution. The slope
in the inset gives the hyperfine coupling constant at the
Co site, which is estimated to be 59Ahf ∼ 5.9 T/µB us-
ing 17Ahf . This value is 1.2 times larger than the value
estimated from the 59K−χ plot.19 Both results of 1/T1T
become enhanced below 100 K, indicative of the develop-
ment of the spin fluctuations. If the q dependence of the
hyperfine coupling constant at the O site is taken into ac-
count, the AFM fluctuations at the q-vectors far from q
= 0 should be excluded because such AFM fluctuations
are filtered out at the O site.18
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Fig. 5. Bulk susceptibilities of the present and previous samples.
1/T1T of 17O under magnetic field of 13 T is also shown. The in-
set shows the temperature dependence of R ≡ S0/T1TK2spin(see
in text).
Now, we discuss the character of magnetic fluctua-
tions in this compound on the basis of 17Kspin and
17(1/T1T ). When Kspin and 1/T1T arise from nonin-
teracting electrons, the Korringa relation, which is de-
scribed as (1/T1TK
2)0 ≡ S0 = (γe/γn)
2(~/4pikB), holds.
Here, γe is the gyromagnetic ratio of an electron. The
character of spin fluctuations is discussed using the value
of R, which is estimated from a comparison between the
experimental value and S0 asR ≡
17 (1/T1TK
2
spin)exp/S0.
R, which signifies the effect of electronic correlations, ex-
ceeds unity when antiferromagnetic (AFM) fluctuations
are dominant, and it is much less than unity when ferro-
magnetic (FM) fluctuations become significant. The tem-
perature dependence of R is shown in the inset of Fig. 5.
R is temperature independent below 100 K to 20 K, and
its value is ∼ 1.2. The value being slightly larger than
unity suggests that the moderate AFM fluctuations con-
tinue down to 20 K. R increases and becomes ∼ 2 at Tc,
suggesting that AFM fluctuations are enhanced at low
temperatures. However, note that the magnetic fluctu-
ations are considered to possess a critical character at
low temperatures, which is suggested from the Co-NQR
frequency and large 59(1/T1T ) value at Tc.
6 R ∼ 2 at
Tc and ∼ 1.2 above 20 K are not so large, although the
compound is situated close to the magnetic instability.
Rather, if the larger Wilson ratio RW ∼ 2.6 is taken
into consideration, the presence of q = 0 fluctuations is
also suggested. The critical fluctuations with a moder-
ate enhancement of R may occur when the fluctuation
spectrum of the AFM correlations has a peak close to q
∼ 0 and has significant contributions at q = 0. This is
consistent with the increase in 17K ∝ χ(0) with decreas-
ing temperature. AFM fluctuations at q far from q =
0 would be excluded from the identical temperature de-
pendences of 17(1/T1T ) and
59(1/T1T ). In order to reveal
the entire q structure in the spin-fluctuation spectrum,
inelastic neutron studies of the SC compounds are highly
desired.
Finally, we compare the present experimental results
with the previous ones.2, 5 The main panel of Fig. 5 shows
the bulk susceptibilities of the present and previous sam-
ples measured at 1 T, along with 17(1/T1T ). In the pre-
vious paper, we suggested the presence of the FM fluc-
tuations from the linear relationship between 1/T1T and
χ.2 However, the marked increase in χ below 30 K, which
was observed for the previous sample, is not found for
the present sample, although both samples show a grad-
ual increase in χ in the temperature range between 150
and 30 K. Since χ in the present sample shows a linear
relationship with 17K, the moderate temperature depen-
dence is evidenced as an intrinsic behavior, but the origin
of the difference in χ below 30 K is not clear at the mo-
ment. In order to determine the intrinsic behavior in χ
below 30 K, a systematic Knight-shift measurement of
various samples is quite important.
In conclusion, from the Knight-shift measurement at
the O site in the SC state, we found a decrease in 17Kspin
below Tc in the nonoriented powdered sample, which is
consistent with the 59Co-NMR results.10, 11 The result
suggests that the superconductivity is in the spin-singlet
pairing state or spin-triplet state with the SC d-vector
in the CoO2 plane.
17Kspin is evaluated from the
17K−χ
plot, and is compared with 17(1/T1T ). The development
of AFM fluctuations is suggested below 30 K, and a clear
indication of FM fluctuations was not observed in the
17O NMR measurements. However, from the larger Wil-
son Ratio RW ∼ 2.6 and the identical temperature de-
pendences of 17(1/T1T ) and
59(1/T1T ), incommensurate
fluctuations with small wave vectors are suggested to be
enhanced at low temperatures, which have a significant
contribution at q = 0.
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